Lhx4 acts in a redundant manner in determining the the 3Ј-untranslated region of Isl2 (Isl2 TLZ ) ( Figure 1A ). To achieve coincident expression of Isl2 and the fusion differentiation of two major sets of motor neurons that project their axons out of the CNS via dorsal or ventral cassette, a bicistronic mRNA was created using an internal ribosome entry sequence (IRES) to facilitate tauLacZ exit points (Sharma et al., 1998) Figure 1F ). null mutant mice has not been informative in this context, since motor neurons die before their diversification beWe next examined the extent of overlap in expression of Isl2, Isl1, and Hb9 at E13.5, when the distinction becomes evident .
We have used genetic studies in the mouse to examine tween somatic and visceral motor neuron subtypes is readily apparent. At this stage, the level of each Isl prothe contribution of the Isl-class LIM homeodomain protein pair to the postmitotic diversification of visceral and tein varied among motor neuron subtypes ( Figures  1G-1I ). In particular, PGC neurons appeared to express somatic motor neurons in the developing spinal cord. We find that both Isl proteins are initially expressed by markedly lower levels of Isl2 than Isl1. Since tauLacZ is a stable protein, its perdurance can be used to infer all postmitotic spinal motor neurons prior to the diversification of somatic and visceral neuronal fates and that prior phases of gene expression (Echelard et al., 1994). We therefore examined Isl2 TLZ mice to assess whether somatic but not visceral motor neurons maintain Isl2 expression at later embryonic stages. Nevertheless, our the weak Isl2 labeling in PGC neurons reflects an early transient phase of Isl2 expression. At E13.5, LacZ was genetic data show that this early phase of Isl2 expression by prospective PGC neurons is critical for the emerdetected in the axons of PGC neurons, defined by expression of the neuronal form of nitric oxide synthase gence of complete visceral motor neuron character. In Isl2 mutant embryos, thoracic level motor neurons settle (nNOS) expression (Figures 1J and 1K) (Wetts and Vaughn, 1994). These findings suggest that PGC motor in aberrant locations and exhibit defects in their peripheral axonal trajectory. These defects appear to have neurons coexpress Isl2 and Isl1 shortly after their generation at E9.5 but downregulate Isl2 expression as they their basis in a cell-autonomous impairment in PGC neuronal specification with the consequence that additional mature and settle in the intermediate region of the spinal cord ( Figure 1L ). The level of Isl2 expression also varied motor neurons possess a somatic-like character. In addition, in Isl2;Hb9 compound mutant mice, a genetic considerably within the MMC, where high levels of Isl2 were detected in the medial (m) division with much lower context in which the expression of Isl1 and Isl2 is lost in levels in the lateral (l) division ( Figure 1I ). postmitotic motor neurons, there is a virtually complete absence of PGC neurons, yet motor neuron neurotransmitter status and axonal projections into the periphery A Disruption in the Motor Neuron Settling Pattern are maintained. Our findings show that a brief period of in Isl2 Mutant Mice Isl2 activity in newly generated motor neurons is a key To begin to examine the role of Isl2 in the differentiation requirement for the diversification of motor neuron subof spinal motor neurons, we generated a null mutation types, in particular permitting the progression of neuin the Isl2 gene, replacing the three exons encoding the rons to a PGC neuronal character.
homeodomain and C terminus with a neomycin cassette (Figure 2A Figures 2D-2G ). In addition, the neurons expressed Lhx3, a marker of medial MMC motor neurons ( Figures 3E and 3F) . Strikingly, however, most tight columnar organization of median motor column (MMC) neurons evident at thoracic levels of wild-type of these ectopically located neurons lacked Isl1 expres- 
/Isl1
Ϫ neurons beconversion in motor neuron fates in Isl2 mutants (see Figure 1L ). However, the ectopic Hb9 ϩ neurons obgan to migrate dorsally ( Figures 3I and 3J 
Immunocytochemistry on 15 m sections taken at 100 m intervals was used to identify motor neuron subtypes in E13.5 heterozygous and Isl2 mutant littermates. Hb9 was used to label somatic motor neurons, and Isl1/nNOS coexpression was used to identify visceral motor neurons (PGC cells). The somatic motor neurons were subdivided into MMCm and MMCl based on their Lhx3 status, and ectopic motor neurons were defined based on the identification of dorsally located Hb9 ϩ /Lhx3 ϩ cells. Mean Ϯ SD cell number calculated from one embryo of each genotype. Results representative of Ͼ6 embryos.
was, however, not offset by an increase in lateral MMC neuronal number, as assessed by LIM homeodomain protein expression profiles (Table 1) Figures 5A-5D ). Thus, a preponderance of Isl2-deficient motor neurons fates act in a cell-autonomous manner (Shirasaki and does not obviously influence the normal development to determine whether GFP ϩ neurons lacked Isl2 ( Figures  5G and 5H Figures 6A-6D) . Analysis of PGC VAChT was retained in ventrolateral neurons in Hb9;Isl2 double mutants (Figures 6Q-6T) . The cholinergic neuroneuronal specification in Hb9;Isl2 compound mutant embryos revealed a complete absence of nNOS ϩ PGC transmitter status of these neurons is indicative of motor neurons rather than V2 interneurons. Thus, two core neurons (Figures 6E-6H) . These findings provide evidence for a genetic interaction between Hb9 and Isl2 features of spinal motor neuron differentiation, axonal extension into the periphery and cholinergic transmitter and reveal a correlation between Isl protein expression and activity and the progression of PGC neuronal differstatus, are retained in Hb9;Isl2 double mutants despite the loss of Isl protein expression. entiation.
Nevertheless, we were concerned that in, Hb9;Isl2 Pronounced defects in motor axon guidance were, however, detected in Hb9;Isl2 mutant embryos. In wilddouble mutants, the further impairment of PGC neuronal differentiation could reflect the loss of Hb9 activity. To type embryos, thoracic nerves obeyed strict segmental boundaries ( Figure 6M ), but in Isl2 and Hb9 mutant emtest more directly whether Isl1 function is required at postmitotic stages of motor neuron development, we bryos, inappropriate axonal bridges were frequently observed between segmentally arrayed motor nerves (Figtook advantage of Isl protein expression and severely compromises the tinct identities of these two motor neuron subtypes are achieved. We provide evidence here that the specificafidelity of motor axon projections into the periphery, yet retains other basic aspects of motor neuron character. tion of PGC motor neuron fate is dependent on a brief phase of Isl2 activity in newly generated motor neurons. . A permissive rather than instructive role for Isl protein activity in visceral subtype specification in the spinal cord is unmasked by our genetic studies. High Isl protein levels appear to be required in newly generated motor neurons to make the cells competent to respond to additional instructive factors that direct visceral subtype differentiation. These findings support a model in which visceral motor neurons acquire their identity during a postmitotic phase. This contrasts with the mechanisms that regulate visceral motor neuron identity in the hindbrain, where neural progenitor cells are assigned visceral and somatic motor neuron subtype fates.
Experimental Procedures
Lhx3 ( , and rabbit anti-LacZ (Cappel). Species-specific secondary antibodies were conjugated to FITC or Cy3 and used as recomchemistry as described previously . To generate an Isl2-specific antibody, a peptide corresponding to amino acids mended (Jackson Labs). Apoptotic cell death was monitored using the ApopTag Red in situ apoptosis detection kit (Intergen) and rec-164-181 of rat Isl2 was synthesized and used to immunize guinea pigs. In addition, the following antibodies were used: rabbit antiommended protocols on cryosectioned mouse embryo tissue.
